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Methods. To study the spread of the 2 viruses, we conducted active surveillance of acute febrile syndromes throughout Gabon between 2007 and 2010. Diagnostic methods included quantitative real-time reverse-transcription polymerase chain reaction, and molecular characterization was based on partial envelope gene sequences.
Results. Between 2007 and 2010, 4287 acutely febrile patients were investigated for CHIKV and DENV-2 infections, of whom 1567 were CHIKV-positive, 376 DENV-2-positive, and 37 coinfected. We diagnosed 153 CHIKV and 11 DENV-2 cases in 2008, and 5 CHIKV and 9 DENV-2 cases in 2009. In 2010, CHIKV and DENV-2 caused a second large simultaneous outbreak. Among 2826 acutely febrile patients examined during this outbreak, 1112 were CHIKV-positive, 288 DENV-2-positive, and 28 coinfected. Mosquitoes were collected near the homes of coinfected patients, and 1 Aedes albopictus specimen was found to be positive for both CHIKV and DENV-2.
Conclusions. These findings show the rapid dissemination of CHIKV and DENV-2 within a nonimmune population in a tropical African country, probably facilitated by the spread of Aedes albopictus. This has resulted in major simultaneous outbreaks with numerous coinfections in both human and mosquito.
Widely distributed in tropical and subtropical areas throughout the world, Chikungunya virus (CHIKV) and Dengue virus (DENV) cause acute illnesses mainly characterized by fever and arthralgia. CHIKV has recently caused large outbreaks, and DENV is a global plague, with tens of million of cases each year [1, 2] . CHIKV belongs to the Togaviridae family, genus Alphavirus, whereas DENV belongs to the Flaviviridae family, genus Flavivirus, and is composed of 4 closely related serotypes (DENV-1, -2, -3, and -4).
CHIKV and DENV are mosquito-borne and occur through 2 transmission cycles: a zoonotic/sylvatic cycle involving monkeys and simiophilic Aedes mosquito species, and an endemic/epidemic cycle involving humans and anthropophilic Aedes mosquito species [3] . Aedes aegypti is considered to be the main epidemic vector for CHIKV and DENV worldwide, whereas Aedes albopictus, a species native to Asia, recently invaded Europe and Africa [4] . Aedes albopictus has gradually replaced local species such as Aedes aegypti and is a very efficient primary vector, especially in the Indian Ocean islands and central Africa [5, 6] .
Over the last 30 years in Africa, limited outbreaks and sporadic clinical cases of DENV have been reported, affecting countries in the east (Kenya, Mozambique, Sudan, Djibouti, and Somalia) [7] [8] [9] [10] [11] and in the west (Nigeria, Senegal, Burkina Faso, Ivory Coast, Cape Verde) [12] [13] [14] [15] [16] [17] . First described in Tanzania in 1952 [18] , CHIKV resulted in many outbreaks for nearly half a century in Africa. Kenya was hit by a CHIKV outbreak in 2004 that led to the massive Indian Ocean islands outbreak in 2005, with >260 000 clinical cases [1] . CHIKV has caused several major urban outbreaks in rainforest regions of central Africa, including the Democratic Republic of Congo (DRC) in 2000, Cameroon in 2006, and Gabon in 2007 [19] [20] [21] . Although CHIKV-affected areas often overlap with DENV-endemic areas [22] , simultaneous outbreaks are rare. However, northwest Gabon and Libreville, the capital city, were hit by a simultaneous CHIKV and DENV-2 outbreak in 2007, during which 9 patients were coinfected by the 2 viruses [20] . Although long suspected in India [23] , only a few sporadic cases of virologically confirmed coinfection have been reported to date, for example, in Malaysia in 2006, Sri Lanka in 2008, India in 2009, and Singapore in 2009 [24] [25] [26] [27] [28] .
The rapid geographic expansion of Aedes albopictus could potentially lead to an increase in CHIKV and DENV coinfections in humans, with a risk of more severe clinical illness. Through active surveillance of acute febrile syndromes during a 3-year period in Gabon, we found that CHIKV and DENV-2 both continuously caused clinical cases and spread together from northwest to southeast Gabon between 2007 and 2010. The 2 viruses caused a large simultaneous outbreak centered on Franceville in southeast Gabon in 2010, leading to 24 well-documented cases of coinfection. We also report the first documented evidence of CHIKV and DENV-2 coinfection in a wild-caught mosquito.
METHODS

Ethical Considerations
Our team at Centre International de Recherches Médicales de Franceville (CIRMF) partnered with the Gabonese Ministry of Health (MoH) in a surveillance study that formed part of the public health response. The present study was approved by the regional health directors, and given the urgency of diagnosis, only individual oral consent was obtained for blood sampling.
Case Definition of Acute Febrile Syndrome
In the case definition adopted by the Gabonese MoH, an acute febrile syndrome was characterized by acute fever (>38.5°C) and ≥1 of the following symptoms: arthralgia, myalgia, headache, rash, asthenia, nausea, vomiting, diarrhea, jaundice, or bleeding. We excluded patients whose symptoms met these criteria but who had laboratory-confirmed malaria.
With the patients' oral consent, the following data were collected: age, sex, residence, time of onset and intensity of symptoms, and location of arthralgia.
Study Area, Patients, and Clinical Samples
Active surveillance of acute febrile syndromes was conducted between September 2007 and August 2010 in the 3 main healthcare centers of Libreville and in the regional hospitals of all major Gabonese towns (Figure 1 ). One physician in each center acted as the CIRMF correspondent and was in charge of clinical examination, blood sampling, and appropriate symptomatic treatment of all suspected clinical cases seen in the relevant healthcare center during the study period.
From April to July 2010, a large outbreak of acute febrile illness occurred in 2 provinces (Ogooué-Lolo and HautOgooué), starting during the long rainy season and ending at the beginning of the long dry season. The outbreak mainly affected Franceville, capital of Haut-Ogooué province, during a 10-week period between 3 May and 5 July 2010. During this outbreak, 2 physicians investigated acute febrile cases in CIRMF and Franceville healthcare facilities.
Patients who met the case definition were sampled for diagnosis. Blood was collected in 7-mL Vacutainer tubes containing EDTA (VWR International, France). Samples collected during the surveillance period were stored at 4°C until being sent to CIRMF for analysis, and those collected during the 2010 outbreak in Franceville were transported each day to CIRMF. After centrifugation for 10 minutes at 2000g, plasma was stored in aliquots at −20°C for molecular and virological investigations.
Molecular and Virological Investigations
Samples were tested for various arboviral RNA genomes as previously described [20] , and CHIKV and DENV-2 were detected by using quantitative real-time reverse-transcription polymerase chain reaction (qRT-PCR) [29, 30] . A partial envelope (E1) gene sequence of CHIKV (692 bp, position 10 138-10 829 nt) and a partial envelope (E) gene sequence of DENV-2 (758 bp, position 1503-2260 nt) were amplified with the SuperScript III One-Step RT-PCR System and Platinum Taq High Fidelity (Invitrogen, Carlsbad, California). Specific One-Step RT-PCR was run in a final volume of 50 µL, with 400 nM of each primer (respectively for CHIKV and DENV-2, CV1R: CGCTTCCGGTATGTCGAT G and CV1F: CTATCGCTTGATTACATCACG; Q2R: ARGCV GCYCCRTAGATTG and Q2F: ATGRARTGCTCYCCDAGAA C) and 10 µL of RNA extract. One-Step RT-PCR reactions were incubated in a GeneAmp 9700 Thermal Cycler (PerkinElmer) programmed for 30 minutes at 45°C and 2 minutes at 94°C and then 40 cycles of denaturation (30 seconds at 94°C), primer annealing (30 seconds at 60°C and 52°C for CHIKV and DENV-2, respectively), and primer extension (45 seconds at 68°C), followed by a final extension step for 5 minutes at 68°C.
Entomological Study
When a human case of coinfection was diagnosed, we captured mosquitoes around the patient's home, outdoors during daytime, using volunteers vaccinated against yellow fever and taking malaria prophylaxis. Signed consent was obtained from each volunteer prior to their inclusion in the study, and institutional clearance was granted by the CIRMF scientific committee and Gabonese MoH. Mosquito collections were carried out by 6 volunteers for 3 days, with 1 session per day between 4:30 PM and 7:00 PM. After species identification, the abdomen of female mosquitoes was removed for monospecific pooling (up to 15 specimens). The carcass remnants (head, thorax, and legs) were transferred individually to microcentrifuge vials and stored at −80°C. The abdomen pools were screened for CHIKV and DENV-2 by qRT-PCR as described above. If an abdomen pool was positive for both CHIKV and DENV-2, the corresponding individual carcass remnants were also screened to detect coinfected mosquitoes.
RESULTS
Epidemiological Findings
Between 2007 and 2010, 4287 acutely febrile patients were tested for CHIKV and DENV-2 infections, of whom 1567 (36.6%) were CHIKV-positive, 376 (8.8%) DENV-2-positive, and 37 (0.9%) both CHIKV-positive and DENV-2-positive (Table 1 ). There were 1640 men and 2302 women (sex ratio, 0.71), with a mean age of 28.9 years (range, 6 months-89 years). The 1567 CHIKV-positive patients were 627 men and 821 women (sex ratio, 0.76), with a mean age of 27.5 years (range, 6 months-89 years); the 376 DENV-2-positive patients were 159 men and 215 women (sex ratio, 0.74), with a mean age of 32.4 years (range, 6 months-89 years); and the 37 coinfected patients were 14 men and 18 women (sex ratio, 0.78), with a mean age of 36.2 years (range, 6 months-89 years).
Continuous CHIKV and DENV-2 Cocirculation Between 2007 and 2010
In 2007, CHIKV and DENV-2 were responsible for a large simultaneous outbreak centered on Libreville (Figure 1 ). In total, 1057 patients presented with acute febrile illness, of whom 297 (28.1%) were CHIKV-positive, 68 (6.4%) DENV-2-positive, and 9 (0.9%) both CHIKV-positive and DENV-2-positive (Table 1) . In 2008 and 2009, CHIKV and DENV-2 progressed toward southeast Gabon, laboratory-confirmed cases being diagnosed in 2 small towns located in the center of the country (Lambaréné and Ndjolé) and also in Lastourville, a town located in the south, along the main road and the only railroad (Table 1 ). All the cases occurred during the rainy seasons (April-July and November-December; data not shown).
Finally, CHIKV and DENV-2 caused a large simultaneous outbreak in 2010, centered on Franceville, with cases detected in most towns located in the 2 southeast provinces (Figure 1) . A total of 2826 patients with acute febrile illness were screened, of whom 1112 (39.3%) were CHIKV-positive and 288 (10.2%) DENV-2-positive ( Table 1 ). The 2010 outbreak lasted 10 weeks, between 3 May and 11 July (Figure 2 ). In total, 2064 patients who presented with acute febrile illness were screened during this period in Franceville, of whom 882 were CHIKV-positive and 247 DENV-2-positive. CHIKV and DENV-2 were detected at the same time and uniformly in all parts of Franceville, including the downtown and suburbs (Figure 2A ). CHIKV-positive cases were 4 times more numerous than DENV-2-positive cases during the first part of the outbreak ( Figure 2B ). This ratio remained stable during the first 3 weeks and increased during the next 2 weeks, peaking at 5:1 in the middle of the outbreak and then falling gradually until the end of the outbreak. This indicated a relative decrease in CHIKV-positive cases compared to DENV-2-positive cases during the second part of the outbreak. Numbers of CHIKV-positive and DENV-2-positive cases were similar at the end of the outbreak. (Table 1) . By contrast, 28 clinical cases of CHIKV and DENV-2 coinfection were detected during the 2010 outbreak, of which 24 occurred in Franceville (Table 1 ). The number of coinfections followed roughly the same pattern as the number of CHIKV cases, with a peak at week 5 and a decrease toward the end of the outbreak (Figure 3) . Furthermore, 19 of these 24 CHIKV-and DENV-2-coinfected patients in Franceville had a thorough clinical examination (Table 2) . None required hospitalization, and none had hemorrhagic or neurological complications. All had fever and arthralgia. Four patients had 2 symptoms, 6 patients had 3 or 4 symptoms, and 3 patients had 5 symptoms. No specific location of arthralgia was noted, and no relation was found between coinfection and sex (sex ratio, 1.1) or age (range, 1-74 years). Coinfection was not associated with particular clinical manifestations.
Complementary DNA (cDNA) viral loads were calculated for 121 CHIKV-positive, 52 DENV-2-positive patients randomly selected during the 2010 outbreak in Franceville, and for the 24 coinfected patients (Figure 4) . Mean values were 1.0 × 10 7 ± 3.7 × 10 7 cDNA copies/mL in CHIKV-monoinfected patients, and 1.6 × 10 8 ± 2.2 × 10 8 cDNA copies/mL in DENV-2-monoinfected patients. All 24 coinfected patients had high DENV-2 cDNA load (mean 1.0 × 10 7 ± 2.1 × 10 7 cDNA copies/mL).
Based on CHIKV cDNA load, coinfected patients could be subdivided into 2 groups: a group of 5 patients with both high CHIKV cDNA load (mean 2.2 × 10 5 ± 9.6 × 10 5 copies/mL) and high DENV-2 cDNA load (value indicated above), and a group of 19 patients with low CHIKV cDNA load (positive signal ≤10 cDNA copies/mL) and high DENV-2 cDNA load (value indicated above). Mean values in CHIKV-and DENV-2-monoinfected patients were significantly higher (P ≤ .004, Student t test for continuous variables) than the respective mean values in coinfected patients (data not shown). No association between symptoms and cDNA viral loads was found.
Phylogenetic Characterization
Phylogenetic trees based on partial sequences of the envelope genes showed that CHIKV and DENV-2 isolates recovered from monoinfected and coinfected Gabonese patients belonged to African clusters and grouped together with strains isolated from patients in other parts of Africa ( Figure 5 ). As shown in Figure 5 , the most recent common ancestors of the 2010 Gabonese CHIKV ( Figure 5A ) and DENV-2 ( Figure 5B ) strains were the 2007 Gabonese strains, indicating that the 2007 Gabonese strains gave rise directly to the 2010 Gabonese strains.
Entomological Study
In total, 661 mosquitoes were collected around the homes of coinfected patients, comprising 571 Aedes albopictus, 38 Aedes aegypti, and 52 Aedes simpsoni ( Table 3 ). The abdomens were grouped into 52 pools (46 Aedes albopictus, 3 Aedes aegypti, and 3 Aedes simpsoni). All Aedes simpsoni abdomen pools tested negative for both viruses, whereas 1 Aedes aegypti abdomen pool was CHIKV-positive and 11 and 18 Aedes albopictus abdomen pools tested positive for CHIKV and DENV-2, respectively. Three Aedes albopictus abdomen pools were positive for both CHIKV and DENV-2. Of these 3 Aedes albopictus abdomen pools, 10 of the 32 corresponding individual carcass remnants were positive for CHIKV, 1 was positive for DENV-2, and another was positive both for both CHIKV and DENV-2.
DISCUSSION AND CONCLUSIONS
CHIKV and DENV-2 have rarely been detected in the humid forested countries of central Africa, and only limited CHIKV outbreaks have occurred, in DRC in 2000 and Cameroon in 2006 [19, 31] . A large CHIKV and DENV-2 outbreak suddenly occurred in northeast Gabon between April and July 2007 [20] . To monitor the dissemination of the 2 viruses in Gabon, we conducted active surveillance of acute febrile syndromes throughout Gabon from September 2007 to August 2010. During this study period, we studied 4287 acutely febrile patients who tested negative for malaria and found that 1567 (36.6%) were CHIKV-positive and 376 (8.8%) were DENV-2-positive. We found that viruses cocirculated continuously since 2007 and caused clinical cases each year in a southward movement from northwest to southeast Gabon. The wave of CHIKV and DENV-2 clinical infection could be divided into 3 periods with distinct epidemiologic characteristics. In the were based on 566-bp CHIKV and 758-bp DENV-2 sequences. Sequences were aligned using the MEGA editor program package [35] , with 24 CHIKV and 39 DENV-2 published overlapping sequences available in GenBank. All sequences isolated from clinical cases reported in Africa and representative sequences of each CHIKV and DENV-2 genotype were included. The Gabonese sequences are in bold and are available under GenBank accession numbers JX080286-JX080288 and JX080289-JX080291 for the CHIKV and DENV-2 strains, respectively. The Gabonese sequences characterized from a coinfected patient ends with "ci". Phylogenetic analyses were done with MrBayes version 3.2 software using the default chain for 2 million generations with the GTR + G + I nucleotide substitution model [36] . Trees were sampled every 100 generations, resulting in 200 000 saved trees, the first 5000 saved trees being discarded as "burn-in" samples. [32] . During the 2010 outbreak in Franceville, the number of CHIKV cases far exceeded the number of DENV-2 cases during the first part of the outbreak, and then the ratio fell gradually during the second part of the outbreak. We obtained evidence that Aedes albopictus was the only vector of both CHIKV and DENV-2 during the 2010 Franceville outbreak. The higher Aedes albopictus infectivity for CHIKV than for DENV-2, associated with the nonimmune status of the population, probably led to a high rate of CHIKV transmission during the first part of the outbreak [33, 34] . DENV-2 would then have spread through the Franceville population as CHIKV transmission declined.
In total, 37 CHIKV-and DENV-2-coinfected patients were identified between April 2007 and August 2010, exclusively during the 2 outbreaks in 2007 and 2010. Our findings indicate that CHIKV and DENV-2 coinfection occurred in densely populated nonimmune areas. Of these, 19 coinfected patients were clinically well-documented. No evidence of particular clinical manifestations was found between the monoinfected and coinfected patients [35, 36] . Rarely observed in the past, the simultaneous appearance and rise of CHIKV and DENV-2 coinfection coincided with the introduction and rapid spread of Aedes albopictus in Gabon after 2007.
CHIKV and DENV-2 cDNA loads in coinfected patients were always significantly lower than those in CHIKV-and DENV-2-monoinfected patients, suggesting mutually negative modulation of the 2 viruses. The coinfected patients could be subdivided into 2 groups. One group had high DENV-2 cDNA load but low CHIKV cDNA load, suggesting a blood sampling during the acute phase of DENV-2 infection but at an early or late stage of CHIKV infection. Alternatively, low CHIKV cDNA load could result from inhibition of CHIKV replication by the immune response to DENV-2. In both cases, dual infection likely resulted from 2 mosquito bites separated by a few days. The other group had high cDNA loads of both CHIKV and DENV-2, suggesting a blood sampling during the acute phase of both CHIKV and DENV-2 infection. In this case, dual infection resulted from 2 mosquito bites each infected by 1 virus but close in time, or a single mosquito bite coinfected with the 2 viruses.
Interestingly, we detected 1 CHIKV-and DENV-2-coinfected Aedes albopictus specimen, representing the first observation of dual mosquito infection in natura. This demonstrates the possibility that humans could be coinfected with the 2 viruses by the bite of a single mosquito. This is consistent with the experimental evidence that Aedes albopictus can be orally coinfected with CHIKV and DENV-2 and harbor infectious particles of both viruses concomitantly in their saliva [6] .
Our findings show that the 2 arboviruses spread rapidly through a tropical country of central Africa, probably facilitated by the extraordinary capacity of Aedes albopictus to colonize diverse environments and to replace local species. This rapid spread within a nonimmune population, via an invasive mosquito species, led to continuous and growing CHIKV and DENV-2 cocirculation, with cases of coinfection in both human and mosquito. An increase in such coinfections could result in rapid viral genetic evolution, potentially leading to changes in the infectivity or pathogenicity of both viruses.
Notes
